Twenty-three indole analogs were used to inhibit the growth of carrot and tobacco suspension cultures. The addition of tryptophan or indole partiafly reversed the inhibition of both cell lines only for 4-fluoroindole, 5fluoroindole, and 6-fluoroindole. Inhibition of tobacco cell growth by 5aminoindol, 5-methoxyindole, 6-methoxyindole, or 7-methoxyindole was also partially reversed. Previously selected carrot and tobacco lines, which have high free tryptophan levels, grew in the presence of the analogs for www.plantphysiol.org on July 15, 2017 -Published by Downloaded from
which reversal was noted in all cases except 5-aminoindole and also in some other cases. Growth inhibition caused by all 10 tryptophan analogs studied was partially reversible by tryptophan or indole and the high tryptophan lines were also able to grow in the presence of concentrations inhibitory to the wild type lines.
Tryptophan synthase activity from both species could utilze most of the 2 or 3 position unsubstituted indole analogs to produce the corresponding tryptophan analogs. Using carrot cell extracts, the identity of the correct product was confirmed by automated amino acid analysis for 4fluoroindole, 5-fluoroindole, and 5-hydroxyindole. The analogs most rapidly utilized by carrot tryptophan synthase were 6-methoxyindole and the 4-, 5-, or 6fluoroindoles. When 4-fluoroindole, 5-hydroxyindole, 5-methoxyindole, or 5-methylindole were incubated with carrot cells the corresponding tryptophan analog was formed in all cases as identified by amino acid analysis.
These results indicate that cultured carrot and tobacco cells can convert certain nontoxic indole analogs into toxic tryptophan analogs. Using 5fluoroindole and 6-fluoroindole, attempts were made to isolate tryptophan auxotrophs lacking tryptophan synthase from diploid carrot and tobacco lines. However, only 5-methyltryptophan-resistant lines, which presumably accumulate high levels of free tryptophan, were recovered.
Tryptophan synthase from plants catalyzes the condensation of indole or indoleglycerol phosphate with L-serine to form L-tryptophan (4) . The enzyme is not feedback inhibited by tryptophan (4) nor is repression evident when cultured cells are grown in medium containing tryptophan (4, 10) .
Several tryptophan analogs can inhibit the growth of plant cell cultures and intact plants (8, 11) . Intact cells of the fungi Saccharomyces cerevisiae and Coprinus cinereus apparently can convert 5-fluoroindole to 5-fluorotryptophan since 5-fluoroindole is toxic to cells which have tryptophan synthase but is not toxic to lines lacking this enzyme (5, 9) .
If plant cells can convert presumably nontoxic indole analogs to toxic tryptophan analogs then a system for selecting mutants lacking tryptophan synthase may be developed. In a system similar ' This research was supported by funds from the Illinois Agricultural Experiment Station and National Science Foundation Grants PCM 7811105 and PCM 7913956. in principle, chlorate was used with plant cells to select those lacking nitrate reductase (6) . In this case, if nitrate reductase is lacking, the nontoxic chlorate is not converted to toxic chlorite, so such cells survive.
This study demonstrates the conversion of certain indole analogs to the corresponding tryptophan analogs by cultured carrot and tobacco cells in vivo and in vitro. Unsuccessful attempts to select lines lacking tryptophan synthase from diploid carrot and tobacco cells by the use of indole analog resistance are described.
MATERIALS AND METHODS
CeHl Lines and Growth Studies. The cell lines used in the experiments were Cl, initiated from garden carrot root (Daucus carota L. var. sativa) in 1967, C3 selected from Cl as resistant to 5-methyltryptophan, TXI initiated from tobacco pith (Nicotiana tabacum L. cv. Xanthi) in 1961, and TX3 selected fromh TXI as resistant to 5-methyltryptophan (15) . C3 and TX3 accumulate high levels of free tryptophan. All growth studies were initiated by inoculating 0.25 g fresh weight cells into 50 ml liquid basal Murashige and Skoog medium (7) with 0.4 mg/l 2,4-dichlorophenoxyacetic acid in 125-ml Erlenmeyer flasks. The cultures were incubated on reciprocating shakers at 27 to 28 C for 10 or 11 days, collected by vacuum filtration on Miracloth, and weighed. All analogs tested were obtained from Sigma or Aldrich Chemical and were dissolved in water, often with heating, and the pH was adjusted to 5.6 to 5.8. The solutions were filter-sterilized and 1 ml or less was added to each flask. Indole or tryptophan was added in a similar manner. Due to low solubility, the analogs, 7-azaindole, 3-indolylacetone, and 7-methoxyindole in ethanol, were added to empty flasks and dried at 50 C. Liquid medium was then added and the flasks autoclaved.
Free Amino Acid Analysis. Carrot cells (0.5 g fresh weight) were inoculated into 100 ml liquid medium in 250-ml Erlenmeyer flasks. After 4 days, filter-sterilized indole analogs in 2 ml water were added to each flask. Cells were collected as above after 48 h incubation, weighed, and extracted twice with 10 ml methanol: chloroform:water (12:5:3) (1). Chloroform and water were added to the combined extracts to cause phase separation. The upper aqueous phase was removed following centrifugation at 10,000g for 5 min and dried under vacuum at 45 C. The residue was analyzed by physiological fluid methodology with a Beckman 119Cl amino acid analyzer.
Tryptophan Synthase Assays. Carrot and tobacco cells in early log phase were collected and broken in a French pressure cell at 35 kg/cm' in an equal volume of the grinding buffer, 0.4 M Kphosphate (pH 8.5), 10 mm ,B-mercaptoethanol, and 40 ,ug/ml pyridoxal phosphate (10) . The brei was centrifuged at 35,000g for 5 min at 1 C and the supernatant was dialyzed against grinding buffer diluted one-half at 4 C for 12 h. Assays were as described (10) except the incubation temperature was 37 C for varying times and the indole level was 400 nmol/tube. The reaction was stopped at time zero and after the specified time by boiling for 10. min.
Indole was measured in the toluene extract as before (10) and tryptophan in the aqueous portion after centrifugation for 5 min at l0,OOOg by a colorimetric assay (3) . Standard curves were determined by using known tryptophan analogs. Some aqueous samples were analyzed directly with the amino acid analyzer. The boiled enzyme was prepared by heating at 95 C for 10 min.
Auxotroph Selection. The diploid lines Cl and TXl were treated with 0.25% ethylmethane sulfonate for 3 to 4 h and rinsed into fresh culture medium containing 0.4 mM tryptophan. The cells were allowed to grow for 7 to 14 days and were then treated with 1 mM 5-fluoroindole or 4 mm 6-fluoroindole in culture medium for usually 24 and 48 h when viability, as determined by phenosafranine exclusion (12) , was 50%o or less. The cells were filtered on Miracloth, rinsed into culture medium with 0.4 mm tryptophan, and plated in 0.6% agar. Colonies which formed within 90 days were removed and tested for growth on agarsolidified culture medium, culture medium containing 0.4 mm tryptophan, and culture medium containing 30 or 300 pm 5- methyltryptophan. Table I inhibited the growth of wild type carrot (C1) and tobacco (TX1) cells. This inhibition was clearly reversible by tryptophan or indole for both cell lines only in the cases of 4-fluoroindole, 5-fluoroindole, and 6-fluoroindole. At least slight reversal by both indole and tryptophan added separately was seen with 5-aminoindole, 5-methoxyindole, 6- methoxyindole, and 7-methoxyindole growth inhibition of tobacco but not of carrot. Tryptophan, but not indole, reversed the 3indoleglyoxylate inhibition of tobacco cells.
RESULTS

All 23 indole analogs listed in
The lines with high endogenous free tryptophan (C3 and TX3) grew measurably with each of the inhibitors for which tryptophan reversal was noted, except in the case of 5-aminoindole. In addition, the carrot line grew in the presence of 5-hydroxyindole, 3- indolylacetone, 5-methoxyindole, and 5-methylindole-2-carboxylate, and the tobacco line on 2-indolecarboxylate. Both lines grew on 3-indoleglyoxylate, 5-methylindole, and 7-methylindole. Figure I shows the inhibition of carrot and tobacco cells by the readily reversible indole analogs, 5-fluoroindole and 6-fluoroindole. The 5 position isomer is the more potent inhibitor. Complete inhibition is noted in all cases with 40 lAM concentrations. Table II lists the 10 tryptophan analogs tested for cell growth inhibition and its reversal by indole and tryptophan. In all cases growth inhibition could be reversed, at least partially, by added indole or tryptophan. Likewise, both the carrot and tobacco lines which accumulate free tryptophan grew in the presence of analog levels completely inhibitory to the wild type.
Some of the indole analogs were tested for their ability to serve as substrate for tryptophan synthase from carrot and tobacco cells. Only analogs with no substituent on position 2 or 3 were studied and the analog 7-azaindole was eliminated since it and the probable product, 7-azatryptophan, gave very low readings in the standard colorimetric assays. Indazole and 5-indolecarboxylate likewise were deleted due to lack of color formation. Similar results were obtained using both carrot and tobacco as enzyme sources, but only the results with carrot are given, due to a higher enzyme specific activity which should give more accurate results. Table III lists the rate of disappearance of 11 indole analogs and indole. The analogs, 6-methoxyindole, 4-fluoroindole, 5-fluoroincdole, and 6-fluoroindole, were utilized by tryptophan synthase at rates at least 41% that of indole. The low rate of 4 nmol/ h for 5-bromoindole may actually not be significantly different from zero. The data given in Table IV include not only substrate utilization but also product formation measured colorimetrically with the corresponding tryptophan analogs as standards. The use of the correct standard was important since the extinction coefficient was different for each tryptophan analog. Availability of appropriate tryptophan analogs limited testing to only six indole analogs in this experiment. All of the substrate was used in the case of indole, 4-fluoroindole, 5-fluoroindole, and 6-fluoroindole since the enzyme reaction was not time or enzyme limited. In all cases, a nearly stoichiometric conversion of the indole analogs presumably to the corresponding tryptophan analogs was observed. The identity of the correct product was confirmed for the analogs 4fluoroindole, 5-fluoroindole, and 5-hydroxyindole for which nearly the expected amounts of the corresponding tryptophan analogs, 4-fluorotryptophan, 5-fluorotryptophan, and 5-hydroxy- tryptophan, were identified by amino acid analysis (values in parentheses in Table IV ). These tryptophan analogs were investigated since they were separated from tryptophan in the amino acid analyzer and they were formed in high quantity by the tryptophan synthase reaction. The boiled extract had little or no activity. Several experiments were carried out with mutagen (ethylmethane sulfonate)-treated and untreated Cl and TXI cells in attempts to isolate tryptophan auxotrophs lacking tryptophan synthase. The cells were treated with 5-fluoroindole or 6-fluoroindole for the purpose of killing cells containing tryptophan synthase. The low number of survivors obtained in some experiments after growth in a medium containing tryptophan were tested for tryptophan requirement and 5-methyltryptophan resistance. Many 5methyltryptophan-resistant lines were selected, but no lines were recovered which required tryptophan for growth.
DISCUSSION
Some of the 23 indole analogs studied here could be converted by carrot and tobacco tryptophan synthase, in vivo and in vitro, into the corresponding tryptophan analogs. The identities of the tryptophan analogs were confirmed by amino acid analysis. In the cases of the 4-, 5-, and 6-fluoroindoles, the growth inhibitory effect appeared to be due to their conversion into 4-, 5-, and 6-fluorotryptophan, respectively, since tryptophan or indole reversed the inhibition in both cell lines. It had been shown before (13) and in this study that added indole was converted rapidly to tryptophan which accumulated. Likewise the C3 and TX3 lines, which accumulated high levels of free tryptophan due to an altered control enzyme, anthranilate synthetase (15) , were resistant to growth inhibition by the 4-, 5-, and 6-fluoroindoles and the 4-, 5-, and 6fluorotryptophans (Tables I and II) .
Studies on S. cerevisiae and C. cinereus mutants lacking tryptophan synthase (5, 9) showed that 5-fluoroindole is toxic only to wild type cells which were capable of converting this indole analog to the tryptophan analog.
Growth inhibition by all of the 2or 3-substituted analogs except 3-indoleglyoxylate could not be reversed by indole or tryptophan (Table I) , although the high tryptophan lines could tolerate some of these analogs. Because of the presence of a substituent in these positions, the analog may be incapable of being utilized as substrate by tryptophan synthase. Other nonreversible growth inhibitors include 7-azaindole which could not be tested with tryptophan synthase due to poor color formation and 5-bromoindole which was utilized very slowly if at all by the enzyme (Table III) . Growth inhibition by 5-, 6-, and 7-methoxyindole was reversible in tobacco, but not in carrot cells, even though tryptophan synthase from carrot used these analogs as substrate (Table III) .
Anomalous results were observed with two analogs: growth inhibition oftobacco but not carrot by 5-aminoindole was reversed by indole or tryptophan, but the high tryptophan line of tobacco did not grow on 5-aminoindole. With 3-indoleglyoxylate, the high tryptophan lines both grew, but tryptophan reversed the inhibition of growth only in the tobacco cells. No reason can yet be given for the difference in response of the two cell lines.
Growth inhibition by the 10 tryptophan analogs tested (Table  II ) was reversible by tryptophan or indole, and the high free tryptophan lines likewise grew. The inhibition by tryptophan analogs (e.g. 5-methyltryptophan) was reversible, yet that by the corresponding indole analog (e.g. 5-methylindole) was not. This indicated that the indole analog itself must be more toxic than the tryptophan analog formed. This explanation does not fit the observation that the high free tryptophan lines are often resistant to the indole analogs, while the addition of tryptophan to the medium was not effective. It is possible that the uptake of exogenous tryptophan and indole is not fast or great enough to give the wild type cells the same sensitivity as the permanently high endogenous tryptophan levels give to the variant lines.
The failure to obtain auxotrophs lacking tryptophan synthase may have been because the cell lines used were diploid rather than haploid. As might be expected, however, the screening did select for 5-methyltryptophan resistance. While these lines were not characterized beyond testing for 5-methyltryptophan resistance, previously selected lines resistant to 5-methyltryptophan contained greatly elevated levels of free tryptophan which would cause resistance to 5-methyltryptophan, 5-fluoroindole, or 6-fluoroindole as shown here. In past studies, 5-methyltryptophan resistance correlated in all but one case (14) , with a feedbackinsensitive form of the control enzyme anthranilate synthetase and a more than a 20-fold increase in free tryptophan (2) .
Note Added in Proof-The complete inhibition of growth of carrot and tobacco cells caused by 1 mm concentrations of four additional indole analogs (3-acetylindole, 3-indolealdehyde, 2methylindole, 3-methylindole) could not be reversed by the addition of indole or tryptophan. Growth of the TX3 and C3 cells was also inhibited completely.
